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Abstract. TheMiniBooNE neutrinooscillationexperimentascollectedalargesampleof chaiged-
and neutral-currenineutrino interaction events. Thesesamplesare importantto understandhe
normalizationand backgroundsn neutrinooscillation searchesThey alsorevealinsightinto the
structureof the nucleusand nucleon.The MiniBooNE experimentis brie y describedand the
neutrinoreactionsandthe underlyingphysicstopicspresented.
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INTRODUCTION

The MiniBooNE experiment[1], locatedat Fermilab and running since 2002, has
searchedor n,,!  ne oscillationswith massscaleaspreviously reportedby the LSND
experiment[2]. For maximumsensitvity to oscillations,the MiniBooNE experiment
hasbeendesignedor high neutrinointeractionratesandgoodparticleidenti cation ca-
pability. This alsoallows for measurementsf neutrinointeractioncrosssectionswith
excellentstatisticalandsystematigrecision.

Thesaneasurementreimportantfor systematicrosschecksof detectoref ciencies
and backgroundestimationsfor the MiniBooNE oscillation searchIn addition, these
measurementrevaluablefor experimentsuchasMINOS [3], NOVA [4], andT2K [5]
that arerunningor will runin the sameneutrinoenegy range(E, 1 5 GeV) by
providing valuablecrosssectiondata.

In addition,thephysicsaddresselly thesemeasurements interestingoeyondsimple
utility for oscillationexperiments.The neutrinoprovidesa weakprobeof the nucleus
and/ornucleonin theseprocessedoestheneutrino“see” the samenucleus/nucleoas
doesthe protonor electronin the scatteringof theseparticles?n mary caseneutrino
scatterincallows for the cleareswiew of thefundamentaphysics.

In particular measurementsf interactionratesandkinematicdistributionsof several
processearecrucialto understandh orderto measuraeutrinooscillations |t is impos-
sibleto do this without seekingnsightinto the underlyingnuclearphysicsasthetamget
is a nucleus(carbon,in the caseof MiniBooNE). The following list describeghe pro-
cesseswhy they areimportantto the MiniBooNE oscillationsearchandwhat physics
they probe.

CCQE A measuremenbf the n, chaged-currentquasielasticinteraction (CCQE)
(non'!  m p) produceshe interactioncrosssectionfor the ne oscillationsignal



(nen! e p). It alsoprovidesaconstrainbnthen,, ux fromtheproductiontarget.
This processs sensitve to nucleonform factors(in particularthe axial, which is
notwell-known from otherdata)andto the nucleonrmomentundistribution within
thecarbonnucleus.

NCp® Theneutral-currenproductionof p® (NCp®) by ni,is oneof the mostimportant
backgroundeactionsin a ne appearancescillationsearchlf oneof the photons
from the p® decayis lost in the event reconstructionthe remainingphotonis
likely to beidenti ed asan electronand thus the event can be misidenti ed as
anoscillationcandidatgnen! e p). Thisprocessliepend®ntheND form factors
andit mayoccurvia acoheren exchangdrom thennucleusasawhole.

CCp* Chaged-currenfproductionof p* (CCp™) providesa measuremensf D pro-
duction. This is animportantpotentialbackgroundor a n. appearanceearchas
theD mayradiatvely decay(D! Ng) in NC interactionandmimic the oscillation
event signature.The underlyingphysicsof this processdependson the ND form
factorsthe coherenthaged-currenprocessandthe underlyingnucleonmomen-
tum distribution.

Thesereactiongamongseveral others)arebeingstudiesin the high-statisticdMini-
BooNEdataset.

MINIBOONE EXPERIMENT

The MiniBooNE experimentis locatedat Fermilab and is shovn in the schematic
of Figure 1. The neutrinobeamis producedwith 8 GeV protons(from the Fermilab
boosterjncidentonaberylliumtargetwhich createcopiousnumbersof chagedpions.

The positive pionsarefocusedby a magnetichorninto a 50 m pipe wherethey decay

producingnm,

FIGURE 1. Schematic gure of the MiniBooNE experimentshaving the arrangemenbf the n-
productionregion anddetector

It is importantto understandhe n, ux in orderto make solid measurementef
neutrinointeractionsn the MiniBooNE detectorPionproductionhasbeenmeasuredt
8 GeVwith theHARP experimen{6]. Thekinematicacceptancef theHARP apparatus
for chagedpionsrelevantto MiniBooNE is good— approximately81% of pionsthat
produceneutrinogmpingingontheMiniBooNE detectoraremeasurethy HARP. These
productioncrosssectionsare t to a parameterizatioalongwith otherdataat several
differentprotonenepies).A similar t is performedwith the relevantkaondata.The



resultsfrom this procedureareusedin the ux Monte Carloto provide a model,highly
constrainedy data,for pion (and kaon production).The Monte Carlo also simulates
the protontransport(including secondarynteractionsthroughthe neutrinoproduction
system.

The predictedneutrino ux is 99%-puren,, and of averageenegy 0:8 GeV. The
enegy distribution doesnot have a large high-enegy tail. Approximately99% of the
Nnm ux is below 2.5Ge\V\. Thisis a nicefeatureof the Fermilabboostemeutrinobeam.
A beamwithout a high-enegy componengenableseutrinointeractionmeasurements
with lower background$rom high-enegy reactiongin the detector)‘feeding-davn” to
lowerenegies.Theoverallnormalizatiorof theneutrino ux is knownto approximately
15%. The correlatederrorsbetweerenepgy binsarecalculatedandpropagatedhrough
thevariousneutrinointeractionmeasurements.

The detectoris located541 m from the neutrinotarget and consistsof a spherical
tank containing800 tonsof mineraloil (CH,) viewed by 128020-cm-diametephoto-
multiplier (PMT) tubesfor 10% photocathodeoverageof the surfaceareaof thetank.
In addition, a veto region with 240 photomultipliertubesprovides a signalfor parti-
clesthat enteror exit the main tank region. Chaged particlescreatedin neutrinore-
actionscreateCerenlov light (for thoseabore Cerenkv thresholdin the mineral oil,
b; = 1=n= 1=1:47)andscintillationlight. Themineraloil is notdopedwith scintillator
howeverintrinsicimpuritiescreatescintillationlight asalow level. Thechageandtime
of the PMT responsearerecordedn a 20 ns window aroundthe 1.6 ns beamspill.

RECONSTRUCTION AND ANALYSIS

The time and chage information recordedby the detectorPMTs in responsego the
Cerenkbv radiation and the small amountof scintillation light that is emitted from
chaged particlesenablethe reconstructionof neutrinointeractionsof varioustypes.
Both the promptlight from the directproductsof the neutrinointeractiongme; p) and
thedelayedight from the decaysf subsequentnuonsareimportantin thereconstruc-
tion andidenti cation of theevents.

The promptCerenkv light is directedinto a cone.As illustratedin Figure2, muons
createa sharpwell-directedcone,electronscreatea morediffuse patterndueto larger
multiple scatteringand shavering, and neutral pions createtwo Cerenkov conesdue
to the two photons.The location and numberof the Cerenlov photonsallow for the
reconstructiomf particlelocation,direction,andenegy. Theenegy (angularyesolution
is approximately7% (5 ) for 300MeV muons.

Becausethe detectoris large, a substantiafraction of the muonsrangeout in the
activeregion. Thesemuonswill decayandthedecay-electromaybeobseredandwill
bereconstructedsa second'sub-event” with atypicaltime delayof 2 ns. Interactions
with this seconddelayed sub-erentarelik ely to be muonsandthis allows for powerful
cut for eventswith muons.Similarly eventswith chaged pions may be identi ed as
the pionsdecayin the detectorinto muons.For example,an event with two delayed
sub-aentsin additionthe promptsignalis likely to beaCCp* event.



FIGURE 2. Schematicgure of thevariouseventtypesreconstructeéh the MiniBooNE experiment

REACTIONS AND ANALYSES

Both chaged-andneutral-currenheutrinointeractionsareobsenedin the MiniBooNE
detector The ratesof theseinteractions(before ef ciency corrections)are estimated
via the NUANCE [7] neutrinointeractioncode.Chaged-currenijuasielasti{CCQE)
scatterings themostabundantprocesscomprisingd2%of thetotal neutrinointeraction
rate.Chaged-currenproductionof a single pions (CC1p) is second-mosalundantat
26% of the interactionrate. The neutral-currenelastic-scatteringgrocesgNC elastic)
makes up 18% of the eventsand neutral-currenfroductionof pionsis about10%.
The remainderof the events(4%) consistof chaged-and neutral-currenproduction
of multiple pionsanddeep-inelastic-scatterimgocesses.

The CCQEreactionis extremelyimportantto identify andunderstandh MiniBooNE
for the neutrinooscillationsearch.The n, CCQEreaction(n,C! m X) providesan
importantcrosscheckof the n,, ux. The ne CCQEreaction(nsC! e X) is the



oscillation signal channel.lt is importantfor MiniBooNE to understandhis reaction
on carbonfor which datadoesnot exist.

A rst measuremenin the CCQEreactionhasrecentlybeenpublished[8, 9]. This
resultusedthe entireMiniBooNE dataset,collectedbetweer2002—2005ndextracted
194k CCQE candidateevents. This is the largestevent sampleever collectedin this
enegy range.A t to this datawas performedusing a Fermi gas model with two
free parametersMp, the axial massand k, a Pauli blocking parameterAn excellent
descriptionto the datawasobtainedwith this proceduren boththe Q? distribution and
in the 2-dimensionamuonenegy/angledistribution. This descriptiorworkswell down
to the lowestQ? valuesincluding the region werean anomaloussuppressiorasbeen
obsened.Work is undervay to extractthe differentialcrosssection.

The CClp reaction(n,! m p*X) is the largestbackgroundor n,, CCQE and
provides importantinformation aboutD productionwhich is neededto constrainthe
D! Ng backgroundn the oscillationsearchln addition,coheentCCp* production,
is aninterestingsubjectandthe K2K experimenthassetanupperlimit [10]. Work is in
progresonthisanalysig11].

The NC elasticreaction(n,n; p! nn; p) is a uniqgueweak-neutral-currenprobeof
thenucleon.Unlikethe CC channelijt is sensitveto theisoscalaicontentof thenucleon
andmayshaw theeffectsof strangeguarks.TheNC elasticreactionis identi ed in Mini-
BooNEDby selectingor low-enepgy eventswith asmallfractionof promptlight (thesig-
naturefor proton/neutrorscintillationonly) andno associatethuondecayA NC elastic
eventsamplehasbeenextractedfrom approximatelyl0% of thetotal MB datasample.
This sampleconsistof approximately3000eventswith anexpectedoackgroundf ap-
proximately20%. Preliminaryresultson this analysishave beenreported12].

TheNC p° productiorreaction(n,C! np°®X) is acrucialchannefor MiniBooNE as
it contributessubstantiallyo then,,! ne oscillationsearchBothresonanandcoherent
channelscontritute to the process.The coherentchannel— predictedto compose

5 20% of the total rate — is dominatedby the axial currentand, therefore,is
unconstrainethy any electron-scatteringata.The existing dataonthecoherenprocess
is extremelysparseandrequiresbettermeasurementg.he resonaneandcoherentates
may be separatelyextractedfrom the datavia the differentpion angulardistributionsin
eachprocessThe NC p? reactionis extractedfrom the MiniBooNE event sampleby
selectingeventswith no muondecaysandanda“2-ring” eventtopologyconsistentvith
the promptdecayof ap® (p°! gg). Preliminaryresultson a ratemeasuremertf this
processasa function of p® momentumandthe fraction of NC p°® coherenthave been
reported13].

ANTINEUTRINO DATA

MiniBooNE nished with the rst neutrinorun at the end of 2005.1n January2006,
the polarity of the neutrinohornwas changedso asto focus negatively chaged pions
andthuscreateanantineutrindbeam Measurementsf the analogouseactiondo those
describedaborve is a very importanttestof our understandingf theseprocessesnd
effectively no dataexistswith antineutrinoelov 1 GeV.



Someof thetopicsthatwill be studiedwith antineutrinodataare:

« Extractionof the axial massMa from n, CCQEevents.Preliminaryresultsshov
that the modeldevelopedto t the neutrinodataworks well for the antineutrino
data[9].

« A measuremenif the vectoraxial vectorinterferenceermvia a joint analysisof
theneutrinoandantineutrinoCCQEdata.

- Investigationof the coherentNC p° fraction and the NC p° differential cross
sectionwith antineutrinodata.[14].

« A measurementf the “wrong-sign” (neutrino)contritution to the CCp™* reaction
in theantineutrinodata.[11].

CONCLUSIONS

The MiniBooNE experimenthascollectedlarge samplesof both chaged-currentand
neutral-currentneutrino-carborinteractions.The experimentis currently running to
collect antineutrinodata. Thesedataare enablingprecisemeasurementsf the cross
sectionsand greaterinsightinto the underlyingphysics.This areimportantfor future
precisionmeasurementsf neutrinooscillations.

REFERENCES

. A. A. Aguilar-Arevaloetal. [MiniBooNE Collaboration],Phys.Rev. Lett. 98, 231801(2007).
. A. A. Aguilar-Arevaloetal. [LSND Collaboration],Phys.Rev. D64, 112007(2001).

D. G. Michael et al. [MINOS Collaboration], Phys. Rev. Lett. 97, 191801 (2006) [arXiv:hep-
ex/0607088].

D. S. Ayresetal. [NOVA Collaboration] [arXiv:hep-e/050305].

. Y. Itow etal. [T2K Collaboration][arXiv:hep-&/0106Q.9].

Eur. Phys.J.C 52, 29 (2007)[arXiv:hep-e/0702®4].

D. CasperNucl. Phys.Proc.Suppl.112 161(2002).

. A. A. Aguilar-Arevaloetal.), arXiv:0706.0926hep-&], submittedto Phys.Rev. Lett

. T. Katori, theseproceedings

10. M. Has@awaetal. [K2K Collaboration],Phys.Rev. Lett. 95, 252301(2005).

11. B. Fleming,theseproceedings

12. D. Cox, theseproceedings

13. J.Link, theseproceedings

14. V. Nguyentheseproceedings

WN P

oCoNO A



